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Abstract
Surface Plasmon and the Effect of Coupled Resonances in the
Enhancement of Phonon and Molecular Modes in Semiconductors
by
Syed K. Islam

Advisor: Dr. John R. Lombardi
The presence of surface plasmon resonance in semiconductors is not a
typical point of discussion in the research community. While the presence of
surface plasmon resonance in metals is widely accepted due to the presence of free
electrons in conduction bands, the existence of surface plasmon in semiconductors
has been generally ruled out due to the absence of free electrons in conduction
bands. In this dissertation, we show that semiconductors are able to support surface
plasmon in valence band. We also demonstrate, by using the Mie theory, that
semiconductor nanoparticles can be designed so that the surface plasmon can be
resonantly excited in the visible region to study SERS. In addition to obtaining
surface plasmon resonance, we show that by combining more than a single
resonance present in semiconductors, large enhancements in SERS can be attained.
We demonstrate obtaining these large Raman signal enhancements in the SERS
studies of 4-Mpy adsorbed on an etched ZnSe substrate and of N-719 dyes bound
to TiO2 nanoclusters. We show enhancements of (2.5×106) in ZnSe and (4×1010)
in TiO2 nanoclusters.
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This dissertation also focuses on the enhancement of phonon modes
originating from an etched ZnSe nanostructure and CdSe QDs.

In these

investigations, we identify these phonon modes and corroborate our analysis with
various experiments and theoretical models reported by previous investigators. We
also assign symmetry of these phonon modes and propose selection rules to show
that these vibrations are symmetry allowed. Moreover, we demonstrate that a
combination of the charge-transfer and the exciton resonances are responsible for
enhancing these phonon modes.
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Chapter 1

Introduction
The discovery of surface plasmon resonance in silver in the enhancement
of Raman signals is regarded as a momentous event in the field of surface enhanced
Raman scattering (SERS).1 The surfaces of metals such as silver, gold and copper
are covered with electrons. They arise from the conduction electrons held in the
lattice by the presence of positive charges from the silver metal centers. When
electromagnetic radiation, such as a laser, resonantly interacts with these electrons,
they begin to oscillate as a collective group across the surface. These oscillations
are termed as surface plasmons and generate localized electromagnetic (EM) field
on the surface of the metals. SERS, due to excitation of these electromagnetic (EM)
fields, is known as Electromagnetic (EM) enhancement and has been attributed to
Raman signal enhancement in the order of (106 - 1012) obtained from Ag
nanoparticles.2
While SERS has been proposed to be due to the enhancement of the EM
field, the role of charge transfer resonance in SERS has been first speculated by
Albrecht and Creighton and then later suggested by several investigators based on
their examination of the potential dependence of the effect in electrochemical
experiments.1,3 Lombardi and Birke, in explaining the mechanism of SERS,
proposed a unified theory suggesting that an enhancement of 1012 cannot be
justified by the effect of a single resonance and that a combination of resonances
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(surface plasmon, charge-transfer and molecular) is most likely contributing to the
enhancement process.4 They show that these resonances cannot be separated and
that they are coupled with each other through the Herzberg and Teller coupling
constant. In order to further investigate the resonance conditions other than surface
plasmon, investigators begin to study semiconductors as substrates for SERS.
Semiconductors lack electrons in the conduction band therefore, any enhancement
originating from semiconductors is believed to be originating due to resonance
conditions other than surface plasmon. In addition, semiconductors have exciton
resonances due to band gaps which are absent in metals. Since the energy gap
between the highest filled and the lowest unfilled orbitals in a molecule usually lies
outside the energy of lasers, observation of any Raman signal enhancements in
semiconductors is usually attributed to charge-transfer resonances or to a
combination of charge-transfer and exciton resonances. Voluminous amount of
work has been done to investigate the existing resonances in semiconductors and
enhancements up to (104) have been reported in these studies.5-12 Recent studies of
SERS in semiconductors reported obtaining enhancements as large as (106) after
the adsorption of the probing molecules.13-15 Although the presence of surface
plasmon has previously been ruled out in semiconductors, investigators attributed
these large enhancements to the presence of surface plasmon in semiconductors.
In searching for surface plasmon in semiconductors, it has been reported by
Pines et al. that in addition to the conduction band, the valence band can also
support surface plasmon and these are usually observed in the ultraviolet region.16,17
Furthermore, Mie demonstrated that by controlling the size and the shape of the
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particles, the surface plasmon resonance can be shifted in the visible region.18 In
order to investigate the existence of surface plasmon in semiconductors, we have
conducted SERS study of 4-Mpy molecules adsorbed on a chemically etched ZnSe
surface.

We designed the nanoparticles using the Mie theory so that these

nanoparticles can support surface plasmon on their surfaces which is in resonance
with a visible laser. Our study showed an enhancement of (2.5×106) originating
from these chemically etched ZnSe particles. We pointed out that this large
enhancement cannot be due to only a single resonance and suggested the presence
of surface plasmon in the ZnSe particles. We demonstrated this large enhancement
is due to a combination of charge-transfer, exciton and surface plasmon resonances
coupled with the exciting laser. Lombardi and Birke conducted a theoretical study
of SERS in semiconductors where they propose that any large enhancement in
semiconductors can be due to a coupling of all four resonances in semiconductors
through the Herzberg and Teller coupling constant.19 In their study, they confirmed
the observed large enhancement of 4-Mpy molecules on a ZnSe surface and
indicated the presence of surface plasmon along with other resonances as
mentioned above. The enhancement observed in our study has been the largest so
far reported from semiconductors and comparable only to that of the Ag
nanoparticles.
While SERS has been primarily the measurement of the Raman signal
enhancement of the probing molecules adsorbed on the surface on a substrate, little
attention is given to the enhancement of the Raman signals originating from the
substrate itself due to the adsorption of molecules on the substrates. Enhancement
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of the Raman signals from a substrate known as phonon modes was first observed
in Ag metals after the adsorption of pyridine molecules on the surface of the Ag
metals.20 Since then, only a few investigators (including our lab) have reported the
observation of phonon modes originating from semiconductor substrates upon the
adsorption of molecules.21-23

The observed phonon modes are usually

characterized with having very large enhancements and appear at low
wavenumbers relative to the laser line.

Recently, we have reported on the

observation of the enhancement of phonon modes resulting from ZnSe
nanostructure and from CdSe QDs upon the adsorption of 4-Mpy molecules.23 In
these studies, we reported enhancements of phonon modes originating both from
the surface and the bulk layers of the substrates after the adsorption of 4-Mpy
molecules. While it is not exactly clear the mechanism through which the phonon
modes are enhanced, we have demonstrated the combined effect of the exciton and
the charge-transfer resonances in the enhancement of these phonon modes.
Moreover, we also explained the appearance of a Raman “forbidden” phonon mode
in CdSe QDs by using intensity borrowing from a nearby exciton transition through
the Herzberg and Teller coupling constant.

1.1. Objectives of the Dissertation
This dissertation focuses on two important areas of research in the field of
SERS. First, we investigated the existence of surface plasmon resonance in
semiconductors by studying semiconductor nanoparticles such as ZnSe and TiO2.
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Second, we investigated the enhancement of the phonon modes in an etched ZnSe
substrate and in different size CdSe QDs.
When investigating the presence of surface plasmon resonance in ZnSe
nanoparticles, we show that by tuning the nanoparticles size according to the Mie
theory, we can prepare nanoparticles which can support surface plasmon on their
surfaces. We also show that when this surface plasmon resonance is combined with
other resonances (charge-transfer and exciton), a significant enhancement of the
Raman signals can be obtained. We demonstrate acquiring a large enhancement in
the order of (2.5×106) by adsorbing 4-Mpy molecules on the surface of an etched
ZnSe substrate. We conducted further examination of the presence of surface
plasmon in TiO2 nanoclusers. Here we show that when small (8.6 nm) size TiO2
nanoparticles form nanoclusters, the size of these nanoclusters may correspond to
the size predicted by the Mie theory supporting the surface plasmon on their
surfaces. In this study, we show that a combination of a molecular resonance, a
charge-transfer resonance and a surface plasmon resonance can induce an
enhancement of (4×1010) from the N-719 dye molecules adsorbed on the surface of
the TiO2 nanoclusters.
In investigating the enhancement of phonon modes, we demonstrated that
unlike SERS where enhancements are attributed to the probing molecules bound to
the substrates, enhancements of the phonon modes originate from the substrate
itself after the adsorption of the molecules. We studied the enhancements of the
phonon modes in ZnSe and in CdSe QDs. In studying the phonon modes in an
etched ZnSe substrate, we show an enhancement of the phonon mode originating
5

from the surface layer of the substrate (surface mode) upon the adsorption of 4Mpy molecules. We confirm the identity of this surface mode by using both
experimental evidences and theoretical models conducted by previous
investigators.24-27 We then further analyze the symmetry of this phonon mode and
provide selection rules confirming its appearance. As far as we know, this is the
first time a clear demonstration of the enhancement of a surface mode has been
observed in semiconductors upon the adsorption of molecules.
Further studies in examining the enhancement of phonon modes were
carried out in different size CdSe QDs. Here, we show an enhancement of the
phonon modes originating from both the surface layers (surface mode) and the bulk
layers (bulk mode). In analyzing these phonon modes, we demonstrate that a
combination of exciton and charge-transfer resonances contribute to the
enhancement. In addition, we show an enhancement of a Raman “forbidden”
phonon mode appearing in 2 nm size CdSe QDs through intensity borrowing using
Herzberg and Teller coupling constant. Moreover, we identify the symmetry of
these phonon modes and show that these enhancements are Raman allowed by
proposing selection rules. As to our knowledge, this is the first time enhancement
of a Raman “forbidden” phonon mode has ever been reported originating from a
semiconductor.

6

1.2. Structure of the Dissertation
The dissertation consists of six chapters:
Chapter 1 introduces the topics surface plasmon resonance and the
enhancement of phonon modes in ZnSe, TiO2 and in CdSe nanoparticles followed
by a brief introduction of each of the chapter.
Chapter 2 highlights our success in demonstrating the presence of surface
plasmon resonance in a chemically etched ZnSe substrate in the SERS study of 4Mpy.
Chapter 3 presents further investigations of surface plasmon resonance in
TiO2 nanoclusters in the SERS study of N-719 dyes.
Chapter 4 demonstrates our success in characterizing the enhancement of
a surface phonon mode from a chemically etched ZnSe substrate.
Chapter 5 further illustrates our success in enhancing both the surface
mode and the bulk mode from different size CdSe QDs.
Chapter 6 provides a summary of the dissertation research.
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Chapter 2
Surface Enhanced Raman Scattering on a Chemically Etched
ZnSe Surface

2.1 Introduction
The proximity of a metal nanoparticle to a molecule has been found to
considerably enhance the Raman intensity by factors in the range of 106 to 1012.1
This phenomenon, known as surface-enhanced Raman spectroscopy (SERS), has
been shown to be caused by several resonances in the molecule-metal system
including the surface plasmon of the metal conduction band, various molecular
resonances as well as charge-transfer resonance between the molecule and
nanoparticle.2 Recently, a considerable amount of attention has been focused on
extending SERS to semiconductor substrates.

In most semiconductor

nanoparticles, the surface plasmon resonance due to the conduction band lies
typically in the infrared. This is because of a very low electron density in the
conduction band. Thus any enhancement of Raman signal is usually attributed
solely to charge transfer, and enhancement factors somewhat lower than those
observed on metals have been obtained. SERS has been reported on ZnO, ZnS,
PbS, CdS, TiO2, CdSe/ZnBeSe, CdTe, Se nanowires, and Ge nanotubes, using
various molecules as probes.3,4,5,6,7,8,9,10 The reported enhancement factor in these
semiconductors ranges between 102 and 105.
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However, charge transfer is not the only factor attributed to SERS in
semiconductors; in addition to plasmons originating in the conduction band, the
valence band can also support plasmons, and these are usually observed in the
ultraviolet. Such observations are discussed in detail by Pines.11,12 The electron
density of valence electrons in solids is typically around 1022 to 1024 cm-3, so that
the resulting bulk plasmon excitation energy is expected to be found in the
ultraviolet. These resonances can be shifted to lower energies by varying the size
and shape of semiconductor nanoparticles. Hayashi et al., showed dependence
efficiency of near-field enhancement (Qnf) on the size of spherical GaP particles.13
Using Mie scattering theory, they found that particles in the range of 100-140 nm
diameter could support a plasmon resonance in the visible region of the spectrum
(514.5 nm). The authors indicated an enhancement factor of as much as 10 6 using
copper phthalocyanine as a probe molecule. Quagliano et al. reported SERS on
etched GaAs surface using pyridine molecules due to EM enhancement.14 Recently,
SERS on small Cu2O nanoparticles and on 3D TiO2 nanowires have been
shown.15,16 In both of these investigations, SERS enhancement factors of 105-106
are reported. The observed SERS in both of these cases are proposed to be caused
by a combination of charge transfer resonance and a surface plasmon resonance. In
addition, a resonance in the exciton band gap spectrum has been implicated in the
enhancement of molecules on MBE grown CdSe/ZnBeSe nanoparticles.8
In this work, we report on SERS from 4-mercaptopyridine (4-MPy)
molecules adsorbed on an etched zinc selenide (ZnSe) surface grown on top of a
gallium arsenide (GaAs) substrate using molecular beam epitaxy (MBE). By using
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the Mie theory, we calculate the ZnSe particle size corresponding to the maximum
efficiency of near-field enhancement Qnf. We utilize chemical etching to control
the ZnSe particle size to approximately match that of the calculated value. Using
laser excitation at 514.5 nm, close to the band gap of bulk ZnSe, we found a large
enhancement factor (2x106).

By analyzing the observed Raman spectra, we

propose in this report that in addition to charge transfer, both band gap and surface
plasmon resonances are most likely contributing factors in the observed Raman
signal enhancement.

2.2. Methods
Chemicals
4-mercaptopyridine (96%) was purchased from Acros Organics and used
without further purification. Acetone was purchased from Fisher Scientific.
Experimental Method
a) Molecular Beam Epitaxial Growth of ZnSe surface on GaAs substrate
All the crystalline layers were grown from elemental solid sources by a
molecular beam epitaxy system featuring two Riber 2300 growth chambers. One
of the chambers is devoted to III–V materials growth, specifically GaAs in this
work, and the other to the growth of II–VI materials, specifically ZnSe in this work.
Epi-ready (0 0 1) GaAs semi-insulating substrate mounted by indium to a
molybdenum block was first introduced in the III–V MBE chamber, where it was
heated to remove its native oxide layer under arsenic ﬂux. The oxide desorption of
12

the substrate was monitored by reﬂection high energy electron diffraction. After
the oxide layer was removed a 100 nm GaAs buffer layer was grown under As-rich
conditions exhibiting a streaky (2x4) surface reconstruction. After the GaAs buffer
layer was grown, the GaAs samples were transferred into the II–VI chamber via
transfer track modules in an ultrahigh vacuum. To improve the III-V to II-VI
material interface, exposure to a Zn ﬂux for a period of 30 s followed by a 50Å
growth of ZnSe was performed all of which was done at 200 0C, which is 100 0C
lower than the optimal II-VI materials growth. After this low temperature buffer
of ZnSe the substrate temperature was increased to 300 0C for the remainder of the
ZnSe growth. The thickness of the ZnSe layer was 1µm, and was grown under Serich growth conditions. The RHEED pattern exhibited a streaky Se-terminated
(2x1) surface reconstruction during the entire ZnSe growth.
b) Atomic Force Micrograph (AFM)
The ZnSe surface was etched using concentrated sulfuric acid (H2SO4) for
one, two and three minutes. At the end of the etching period, the surface was
washed repeatedly for several minutes with water and then dried at room
temperature. Atomic force micrograph (AFM) images were acquired using a
Nanoscope III (Digital Instruments, Inc.), operated in the air and at room
temperature. Silicon sharpened tips with a force constant of 0.58 N/m (purchased
from Digital Instruments, Inc.) and a resonance of 260 kHz were used in noncontact
mode for the AFM images. At least five images were acquired for each sample at
various locations. Images were recorded in the range of 5 × 5 µm2 area and of 1 ×
1 µm2 area with a 500 × 500 pixel resolution and a scan rate of
13

1 µm/s. The

dimensions of the nanostructures were measured using Nanoscope 6 image
processing software.
(c) Raman Spectroscopy
A solution of 4-MPy was prepared by dissolving powder 4-MPy in pure
acetone at 1mM concentration. 4-MPy molecules were adsorbed on the etched
ZnSe surface by immersing the clean surface in the sample overnight and then
allowing the solvent evaporate in the air at room temperature. The surface was then
rinsed with acetone for a few minutes to remove the excess molecules. The Raman
spectra of 4-MPy was investigated using Spectra Pro 2750 (0.75 m Triple Grating
Monochromator 1200 gratings/Spectrograph) at the excitation wavelength of 514.5
nm obtained from an Ar+ laser (Spectra Physics). The laser was focused on the
sample by using a 100x objective lens attached to a confocal microscope and the
power of the laser on stage was 0.56 mW. The laser spot size was 2 µm and the slit
width was 20 µm. The Raman measurement of the sample was taken with 5
accumulations over 10s acquisition. To ensure that the obtained spectra were
comparable, the settings, including laser power and exposure time, were all kept
constant.

The silicon line at 520 nm was used to calibrate the observed

wavenumbers.
Mie Scattering Calculations
A strong radial dependence was originally exploited by Mie17 in
determining the scattering

efficiencies of metallic spheres. For semiconductor

nanoparticles, Mie scattering can also take place, and the near field surface plasmon
resonances are strongly size- as well as wavelength dependent.
14

In this regard we examine the derivation of Mie scattering efficiencies due to
Messinger et al.18, as well as the MATLAB program written by Mätzler19. The
scattering efficiency (Q) is the ratio of the power of the scattered light to that of the
incident light. A molecule adsorbed on the surface of a sphere feels an electric field
in the near field limit. In the near field limit the incident plane wave is distorted in
order to satisfy the boundary conditions of the surface of the sphere. For the nearfield scattering efficiency (QNF) it is shown to be:




2
2
2
2
2
(2)

QNF  2 an  n  1 hn(2)
hn(2)  ka 
1  ka   n hn 1  ka    (2n  1) bn


n 1



(1)

where an and bn are the Mie coefficients and hn(2) are the Hänkel functions of the
second kind. The parameter a is the radius of the sphere and k is the wave
number of the exciting light. The Mie scattering coefficients display resonances as
a function of the parameter x = ka. The only input to the program is the real and
imaginary part of the refractive index, which for ZnSe is taken to be 2.98 + 0.4i.20
The excitation wavelength is chosen to be 514.5nm, and the scattering efficiency
may then be plotted as a function of particle size.
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2.3. Results
Figure 1 shows (AFM) images of ZnSe surface before and after etching with acid.
AFM images show that before etching (a), ZnSe surface is fairly smooth, whereas
protrusions
structures

of

nanoscale

appeared

on

the

surface when it was etched with
acid for 2 minutes (b, c). Close
observation of the surface in
figure 1(c) reveals that the shape
of these structures appeared to be
a)

hemi-ellipsoidal

nanoparticles.

Using image processing software
(Nanoscope 6), we determined
the average radius and height of
these particles are approximately
55 nm and 6 nm, respectively.
The AFM images of ZnSe
surface etched for 1 minute
showed average hemi-ellipsoidal
b)
particles sizes > 1 µm.
Etching of the surface beyond 2 minutes results in considerably diminished particle
size (both in height and radius) and lack of discernible Raman signal.
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The columns in figure 2 show the
measured distribution of hemiellipsoidal

nanoparticles

with

different diameters on the ZnSe
surface etched for 2 minutes. It can
be seen from this figure that the
particle
c)

sizes

have

a

broad

distribution while a plurality of

Figure 1. ZnSe surface a) before and
after b) etching (5 × 5) µm2 area. c)
ZnSe surface after etching (1×1) µm2 area.

particle sizes are in the range
between 110 nm to 130 nm. The
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Figure 2. The measured distribution of particle diameter of ZnSe on the
etched surface. We also show here the dependence of the efficiency
of near-field enhancement Qnf on the particle size calculated using the
Mie scattering theory.
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enhancement Qnf on particle size. The curve is plotted by fixing the wavelength of
incident light at 514.5 nm and using a value of refractive index n+iκ = 2.98 +i(0.4).
The figure shows that the optimum particle size is approximately 156 nm where the
near-field enhancement Qnf reaches its maximum. While the majority of the
particles on the 2 minutes etched ZnSe surface are smaller than 156 nm, there is
considerable overlap between the experimental distribution and the calculated plot,
and it can be seen that a reasonable fraction of the particles are within the range of
the optimum particle size corresponding to the maximum near-field Qnf
enhancement. Thus it is likely that at least a fraction of the molecules encounter a
plasmon field during this experiment.
In figure 3, we show a comparison between the Raman spectrum of 4-MPy

1281 b2

powder with that of 4-MPy adsorbed on an etched ZnSe surface. In table 1 we list

1615 a1
1635

1577 b2

1458 a1

1211 a1
1237

1122 a1

1011 a1

778 b1

30000

685 b

1

Raman Intensity (A.U.)

40000

1496

1025 a1

50000

20000

10000

0
600

800

1000

1200

1400

1600

Raman Shift (cm-1)

Figure 3. Comparison of the Raman spectrum of 4-mercaptopyridine
powder (black) with that of 4-mercaptopyridine molecules adsorbed on
a ZnSe surface etched for 2 minutes (red). Excitation is at 514.5 nm.
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Table 2.1. Spectral lines and assignments of 4-MPy observed bands.
Assignment Symmetry

Wang,
Rothberg

8a
8b

a1
b2

1620
1580

19a
14
3
ip-NH def
9
9 NH+
12 (C-S)
12 C=S
18
1
4
6
11 C-H oop

a1
b2
b2

1470

a1
a1
a1
a1
a1
a1
b1
a1
b1

1287-1318
1250
1220
1206

4-MPy 4-MPy SERS
Solution Powder -0.8V

1618
1585

1283
1255

1615
1587

1605
1576

1467
1396
1291

1463
1373

1197

1213
1195

PbS
514
nm

ZnSe
488
nm

1645
1623
1586
1499
1464

1636
1614
1580
1494
1455

1278
1232
1216

1280
1235
1209
1121

1119
1099
1030-1050
1013
760
720
700

1049
998
720
655

1107
1041
989
785
721
644

1096
1051

1107
1037
1009
780

1022
1008
777

682

683

713

Columns 1-3 are the assignments of Wang and Rothberg (Ref. 21).
Column 4 is the solution spectrum of 4-MPy from ref.6 and ref.23.
Columns 5 and 8 are from this work (Figure 3b).
Column 6 is the SERS on Ag electrode (Ref. 22) and column 7 is the
SERS on PbS nanoparticles (Ref.5).
the wavenumber measurements of the observed lines in this work as well as those
from previous works.5,6,21,22,23 It can be seen that the spectrum of 4-MPy on an
etched ZnSe surface resembles that of the powder spectrum, with some shifts in
frequency, but more importantly, large differences in relative intensity. This is
similar to surface-enhanced Raman spectroscopy (SERS), which is normally
carried out on a silver surface. For comparison, in Table 1, we list the observed
SERS spectrum of 4-MPy on a Ag electrode at -0.8 V (vs SCE) and on PbS
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nanoparticles. As listed in the table, the 4-MPy lines observed in this work are
almost identical to those which were reported on PbS nanoparticles and on Ag
electrode. In particular, it can be seen that the position of 685 cm-1, 778 cm-1, 1281
cm-1 and 1577 cm-1 lines in ZnSe surface are very similar to those on PbS quantum
dots. The most noticeable differences in this figure are the large enhancements of
the lines at 1025 cm-1, 1281 cm-1 and at 1577 cm-1 which are considerably weaker
in the powder spectrum.
Other notable enhancements are observed at 685 cm-1 and at 778 cm-1 which
are also quite weak in the powder spectrum. The first three lines are the most
intense in the spectrum of 4-MPy on the etched ZnSe surface while the latter two
are at least comparable in intensity to the other lines of the spectrum. Referring to
the assignments of the bands, it can be seen that the first intense line at 1025 cm-1
is assigned to a1 symmetry in C2v point group while the lines at 1281 cm-1 and at
1577 cm-1 are assigned to b2 symmetry. The lines at 685 cm-1 and at 778 cm-1 are
assigned to b1 symmetry. While many of the totally-symmetric a1 modes are seen
to be either suppressed or reduced in relative intensity, other non-totally symmetric
b1 and b2 modes are enhanced after the adsorption of 4-MPy molecules on the
etched ZnSe surface.
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Figure 4. SERS spectra of 4-mercaptopyridine molecules adsorbed on a
ZnSe surface etched for 1 minute (black) and 2 minutes (red).
Excitation is at 514.5 nm.
Figure 4 demonstrates the SERS spectra of 4-mpy molecules as a function
of etching time on the ZnSe surface. The appearance of totally (a1) and non-totally
(b1 and b2) symmetric vibrations can be observed in both spectra resulting from 4mpy molecules adsorbed on ZnSe surfaces etched for 1 and 2 minutes. However,
this figure illustrates a remarkable difference in the relative enhancement of the
intensity resulting from 4-mpy molecules adsorbed on ZnSe surface. Since the
mean particle size of the 1 minute surface is > 1µm, it is far out of range of the
surface plasmon (Fig. 2). This gives an indication of the importance of the plasmon
resonance to the enhancement factor.
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2.4. Discussion
The observed SERS spectra of 4-MPy on etched ZnSe surfaces show several
differences from the normal Raman spectrum and is closer in some ways to the
SERS observed on PbS and Ag nanoparticles. Among other things, the prominence
of non-totally symmetric (b1 and b2) lines indicates a presence of charge transfer
resonance contributions to the overall enhancement. Enhancement of both these b1
and b2 modes can also be observed in PbS quantum dots (Table 1).

Vacuum
-4.09
-6.76

CB
-5.6

VB

-9.7
ZnSe

LUMO

HOMO

4-mpy

Figure 5. Energy level diagram of a ZnSe bulk surface and 4-mpy molecules. All
levels are measured from the vacuum.
Charge transfer most likely takes place between the valence band (VB) of ZnSe and
the lowest unoccupied molecular orbital (LUMO) levels of 4-MPy. The lower edge
of the conducting band (CB) for ZnSe is 4.09 eV (band gap ~ 2.67 eV) whereas the
highest occupied molecular orbital (HOMO) for 4-MPy is 9.7 eV (band gap 4.0 –
4.1 eV).24,25,26 The valence band (VB) of ZnSe lies at 6.76 eV below the vacuum
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level, while the LUMO of 4-MPy is about 1.1 eV above this point, well within the
energy needed for a charge transfer resonance (Fig. 5). In addition, ZnSe has a
band gap of 2.67 eV which is very close to the range of inter-band transition using
the excitation laser (2.41 eV).
Our study also shows that the non-totally symmetric (b1and b2) vibrational
lines are greatly enhanced on the ZnSe surface etched for 2 minutes where the
particles size has been tailored to support a plasmon field. The enhancement of
these non-totally symmetric vibrational lines on the ZnSe surface etched for 1
minute appears considerably weaker in comparison to that of the ZnSe surface
etched for 2 minutes (Fig. 4). At 3 minute etching time, the ZnSe is almost absent
from the substrate and no enhancement is observed.
We estimated the enhancement factor from the ZnSe surface etched for 2
minutes as the enhancement of 4-mpy molecular lines appears to be the largest from
this surface. The enhancement factor (EF) is the ratio of the Raman intensity per
adsorbed molecule divided by that of the free (or solid phase) molecules. It may
be determined by the relationship

EF = ISurfNbulk / IbulkNsurf

(2)

where I and N are the intensities and number of molecules on the surface and in the
bulk powder. We consider the surface of the etched ZnSe to be composed of hemiellipsoidal nanostructures with an approximate average radius of 55 nm and an
average height of 6 nm. We take for our intensity measurement the 1281 cm-1 line
of 4-MPy. This line chosen since it is one the most intense lines in the spectrum
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and well separated from its neighbors. After subtracting the background intensity,
the intensity in the normal Raman spectrum of this line is about 564 counts, while
from the surface enhanced 4-MPy spectrum, it is about 27,837 counts. In both
spectra, the laser intensity and the focus were kept the same. The intensity ratio
(Isurf /Ibulk) is therefore approximately 49. Using the probe spot size of the laser (2
µm) in diameter, the laser penetration depth (≈ 10 µm) and from the density of 4MPy (1.2 g/cm3), we determine that the number of Nbulk = 2.0× 1011 molecules.
Using the formula {π × r × h} to calculate the area of a hemi-ellipsoid, we estimate
the area of a hemi-ellipsoidal nanostructure to be about 1× 10-3 µm2. Using
nanoscope 6 image processing software, we estimated the hemi-ellipsoidal particle
density on ZnSe surface to be approximately 250 hemi-ellipsoidal particles/ µm2.
Multiplying the particle density by the area of the laser spot, we find there are about
785 hemi-ellipsoidal particles on the etched ZnSe surface that fit within the laser
spot. Multiplying the total number of particles inside the laser spot (785 particles)
with its area (1× 10-3 µm2) gives a total surface area of interrogated nanoparticles
to be 0.785 µm2 by the laser. Assuming a monolayer coverage on the surface, we
find Nsurf ≈ 3.9 × 106 by dividing the total surface area of interrogation by the cross
sectional area of a 4-MPy molecule. We assume that the vertical cross sectional
area of a 4-MPy molecule is about the same as that of a pyridine molecule, which
is 2×10-7 µm2.27 This results in an enhancement factor of approximately 2 × 106.
This value is comparable to most of the early values obtained for Ag
surfaces, implying that semiconductor surfaces may be competitive with metal
surfaces for surface enhancement. Although a comprehensive theory of SERS in
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semiconductors is not yet extant, it is unlikely that such a high value can be
explained by a single effect.28 The large enhancement factor originating from the
etched ZnSe surface corresponding to the maximum near field enhancement (Qnf)
is most likely due to a combination of a charge transfer resonance, a surface
plasmon resonance, and a band gap (exciton) resonance, all of which are near our
excitation source. It is impossible at this stage to make quantitative evaluations of
the relative contributions of each source. Only the molecular resonances can be
definitively ruled out, since they are far from the exciting source.
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Chapter 3

Surface Enhanced Raman Scattering (SERS) of N-719 Dyes on
TiO2 Nanoparticles

3.1. Introduction
Dye sensitized solar cells (DSSC) have attracted enormous interest in recent
years as a promising approach to the direct conversion of light into electrical energy
at low cost and with the highest efficiency.1-5 In these cells sunlight is absorbed by
a dye molecule, which is followed by a fast injection of electrons from the dye to
the conduction band in TiO2. The dye is often regenerated through an electron
transfer from a redox couple in a liquid electrolyte. The efficiency of the charge
injection process has been reported to be strongly dependent on the binding
geometry of the dye on TiO2 surfaces.6 This suggests that the interaction between
the dye and the TiO2 surface plays an important role in the photo conversion process
thereby influencing the efficiency of DSSC solar cells. So far, ruthenium (II)
polpyrydyl complexes have been reported to have shown the best performance in
DSSC solar cells. In particular, (Bu4N)2 [cis-Ru(4,4ʹ-COOH-2,2ʹ-bpy)2 (NCS)2]
(N-719) dye has been shown to generate the highest efficiency (> 13%) compared
to other commonly used ruthenium based dyes.7 Computational models using DFT
calculations show that the efficiency of N-719 dye depends on the manner in which
the dye is adsorbed on the surface of TiO2. It has been demonstrated through the
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computational models that N-719 dye prefers to use the carboxylic groups to bind
on the TiO2 surface.7-9 While the energetically favorable binding geometry has
been predicted by the computational models, experimental evidence of the
preferential binding geometry has yet to be confirmed. Current investigations of
Surface enhanced Raman scattering (SERS) of N-719 dyes adsorbed on gold, silver
nanoparticles and TiO2 films show a shift of the SCN stretch to the blue compared
when the dye is adsorbed on the surface of the substrates. This shift of the SCN
stretch has been proposed to be due to the binding of the SCN groups to the surface
of the substrates.10-13 These experimental results clearly contradict the results
obtained from the computational models.
In addition to the uncertainty of the binding geometry, little attention has
been given in studying the mechanisms of SERS enhancement.

Studies in

investigating the N-719 dyes adsorbed on gold nanoparticles indicated a
combination of surface plasmon and molecular resonances as the factors in
enhancing the Raman signals generated from the dyes.10 SERS studies of N-719
dyes on TiO2 have primarily focused on the binding geometry of the dye on TiO2
surface.11,12,14 Besides the charge transfer between the dye and TiO2, little is known
about any other possible mechanisms which are at play for the SERS enhancement.
In this work, we report on SERS from N-719 dyes adsorbed on 8.6 nm TiO2
nanoparticles. Using a 488 nm laser, we examined the SERS spectra of the dyes at
different concentrations. Remarkable distinctions are observed in the SERS spectra
obtained from the dyes at different concentrations adsorbed on TiO2 nanoparticles.
We attribute this difference in the SERS spectra to two different possible binding
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configurations on the surface of the TiO2 nanoparticles. Using both experimental
and computational models, we observe that at high concentrations (>10-6 M), the
dye prefers to bind using the SCN groups whereas at low concentrations (< 10-6 M),
the dyes may bind using the carboxylic groups to the TiO2 nanoparticles. In
addition, we examined different resonant conditions (surface plasmon, charge
transfer and molecular resonances) which may contribute to the very large
enhancement (4 × 1010) of a new peak at 1525 cm-1 observed in the SERS spectrum
of the dyes at (10-10 M) concentration. Using a 488 nm laser, we excited the
molecular and the charge transfer transitions whose energy gaps are within the
range of the energy of the excitation laser. Moreover, we show that the TiO2
nanoparticles exist as small size nanoclusters in water capable of supporting surface
plasmon on their surface. We attribute the very large enhancement of the new peak
observed in the SERS spectrum of the dye to a combination of all three resonances:
surface plasmon, charge transfer and molecular.
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3.2. Methods
A. Chemicals
(Bu4N)2 [cis-Ru(4,4ʹ-COOH-2,2ʹ-bpy)2 (NCS)2] (N-719) dye was purchased from
Fisher Scientific and used without any further purification.
B. Sample Preparation

Synthesis of TiO2 nanoparticle:
TiO2 nanoparticles were prepared by a sol-hydrothermal process of
tetrabutyl titanate.15 First, a mixture of a solution of 5 ml of tetrabutyl titanate and
5 ml of anhydrous ethanol was added drop wise into another mixed solution,
consisting of 20 ml of anhydrous ethanol, 5 ml of water and 1 ml of 70% nitric acid.
All these reagents are mixed and the hydrolysis was carried out at room
temperature. Subsequently, the sol gel was obtained by continuously stirring for
one hour. Next, the as-prepared sol was kept at 160 oC for 6 hours in a stainlesssteel vessel and then cooled to room temperature. The sol-hydrothermal production
was dried at 60 oC for 24 hours. Finally the 6.8 nm and the 8.6 nm TiO2
nanoparticles were obtained by calcining the sol-hydrothermal production for 2
hours at 400 oC and 450 oC temperature respectively. A detailed characteristic of
theses TiO2 nanoparticles has been previously recorded.16
Different concentrations of N-719 Dye solution ranging from (10-5 – 10-13
M) were prepared in water. First, a stock solution of N-719 dye was prepared in
10 ml water at (10-5 M) concentration. Concentrations lower than (10-5 M) were
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prepared by diluting the subsequent stock solution. The sample for Raman
measurement was prepared as follows: 2 mg of TiO2 nanoparticles were dispersed
in each of the 9 ml N-719 Dye solution prepared at different concentrations in small
glass vials. The mixtures were stirred overnight at room temperature to complete
the adsorption of the dye molecules on the surface of the TiO2 nanoparticles. The
mixture was then centrifuged and rinsed with water to remove the excess dye
molecules which are not adsorbed on the surface. The wet pellet was then dropped
onto a glass slide and spread into a circle of about 2 cm in diameter. After the
solvent evaporation, Raman measurements were taken of these samples.

C. Instrumentation
The Raman spectra of N-719 dye on TiO2 were investigated using Spectra
Pro 2750 (0.75 m Triple Grating Monochromator 1200 gratings/Spectrograph) at
the excitation wavelength of 488 nm obtained from an Ar+ laser (Spectra Physics)
. The laser was focused on the sample by using a 100x objective lens attached to a
confocal microscope and the power of the laser on stage was 2.68 mW. The laser
spot size was 2 µm and the slit width was 20 µm. The Raman measurement of the
sample was taken with three accumulations over thirty second acquisitions. To
ensure that the obtained spectra were comparable, the settings, including laser
power and exposure time, were all kept constant. The silicon line at 520 nm was
used to calibrate the observed wavenumbers. All absorption spectra CdSe were
recorded using a Perkin-Elmer Lamda 19, Uv-vis- near IR spectrometer. The
surface morphology of the TiO2 sample was measured on a JEOL JSM-6700F ﬁeld
emission scanning electron microscope (FE-SEM) operated at 3.0 kV.
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3.3. Results
Figure 1 displays a schematic
representation of the N-719 dye. The
dye consists of two bipyridyl rings
and two thiocyanate (SCN) groups.
The bipyridine rings are oriented
perpendicular to each other whereas
the two SCN groups are in cis
Figure 1. Schematic presentation of the
molecular structure of an N-719 dye.

configuration relative to each other.

Figure 2 displays the absorption spectra of N-719 dye molecules collected
over a period of two weeks. It can be seen in this figure that the dye molecules
have two absorption peaks in the UV region (308 nm and 370 nm) and a single
absorption peak in the visible region (501 nm). Similar absorption spectra of N719 dyes in water are also shown by Thiel et al. and León et al..10,13 The absorption
peak at 501 nm is most possibly due to metal to ligand charge transfer in which an
electron is promoted from a ruthenium dπ orbital to the π* orbital of the polypyridyl
ligand generating bipyridine radical anions.13,17 The figure also shows no change
in the absorption spectra of these molecules over two weeks suggesting that the dye
molecules remain stable in water during this period of time.
In figure 3, we show the absorption spectra of the dye molecules at various
concentrations. Dye concentration as low as 10-8 M was able to be measured by the
Uv-Vis spectrometer. Concentrations lower than 10-8 M did not generate any
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Figure 2. Absorption spectra of N-719 dyes measured when freshly
made, after two days and after 2 weeks. No change is observed over
the period of two weeks.
detectable signals by the instrument therefore absorption spectrum lower than this
concentration could not be obtained.
Figure 4 illustrates a comparison between the Raman spectra of powder N719 dyes with that of the DFT calculation. Although both of the spectra show a
fairly close match, the relative intensity between these two spectra shows a
difference in magnitude. A comparison between the SERS spectrum of N-719 dyes
at (10-5 M) concentration adsorbed on TiO2 (8.6 nm) and the normal Raman
spectrum of powder N-719 dye is presented at low wavenumbers in figure 5a and
at high wavenumbers in figure 5b. The SERS spectrum shows an increase in the
overall intensity along with a shift in the Raman peaks at 1032 cm-1 (figure 5a) and
at 2130 cm-1 (figure 5b) relative to that of the powder spectrum of the dyes.
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Figure 3. Absorption spectra of N-719 dyes at four different
concentration. The spectra show electronic transitions at 308 nm, 370
nm and 501 nm.
While the peak at 2130 cm-1 has been identified as a SCN stretching
vibration, the peaks at 1472 cm-1, 1542 cm-1 and 1609 cm-1 have been attributed to
the vibrations of the bipyridine rings.10, 13 Theil et al. reported that vibrations
corresponding to the bipyridine ring at 1472 cm-1 have a higher displacement
perpendicular to the investigated surface whereas the bipyridine ring vibrations at
1542 cm-1 have a higher displacement parallel to the surface.10
Figure 6 exhibits the SERS spectra of dye molecules at different
concentrations. Note that we also included the normal Raman spectrum of the dyes
in order clearly show the variation in the SERS spectra due to the change in the
concentration of the dyes adsorbed on the TiO2 nanoparticles.
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Figure 4. Raman spectrum of powder N-719 dyes (black) and that of DFT
calculation (red).
A close examination of the figure shows that the SERS spectrum of dyes above
(10-6 M) concentration (high concentration) is fairly similar to that of the normal
Raman spectrum of the dyes whereas the SERS spectra below (10-6 M)
concentration (low concentration) show remarkable changes relative to the Rama
spectrum of the powder dyes.

First, the SERS spectrum above (10-6M)

predominantly consists of the three bipyridine ring vibrations (1472 cm-1,
1542 cm-1 and at 1609 cm-1) Whereas SERS spectra below (10-6 M) concentration
show two new peaks at 1155 cm-1 and at 1525 cm-1. Second, while the relative
intensities of the bipyridine ring vibrations of the dye at high concentration are
fairly close, the intensities of the new peaks (1155 cm-1 and at 1525 cm-1) dominate
the SERS spectra at low concentration.
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Figure 5. Comparison of the Raman spectrum of N-719 powder (black) with that
of N-719 dyes adsorbed at (10-5 M) concentration on TiO2 (8.6 nm) nanoparticles
(red) at (a) low and (b) high wavenumbers. Excitation is at 488 nm.
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In addition, figure 6 shows that the dye concentration as low as 10-13 can be detected
when dyes are adsorbed on the surface of the TiO2 nanoparticles.
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Figure 6. Comparison between the SERS spectra of N-719 dyes at different
concentrations and the Raman spectrum of the dye powder. Concentration as low
as 10-13 M has been detected due to the adsorption of the dyes on TiO2 (8.6 nm)
nanoparticles.
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Figure 7. Comparison of the Raman spectrum of N-719 powder (black)
with that of N-719 dyes adsorbed at (10-10 M) concentration on TiO2
(8.6 nm) nanoparticles (red) at low (a) and (b) high wavenumbers.
Excitation is at 488 nm.
39

In order to further investigate the enhancement of dyes adsorbed on the TiO2
nanoparticles at low concentration, a comparison of the relative changes between
the SERS spectrum of the dye at (10-10 M) concentration and the normal Raman
spectrum of the dyes is displayed at low (figure 7a) and at high (figure 7b)
wavenumbers. As mentioned previously, SERS spectrum of the dye at (10-10 M)
concentration shows two new peaks with a very large enhancement at 1155 cm-1
and at 1525 cm-1 (figure 7a). Further study needs to be done to identify these new
peaks. Note that peaks at 1472 cm-1 and at 1609 cm-1 corresponding to the
bipyridine ring vibrations can also be observed in the SERS spectrum of the dye at
low concentrations. In figure 7a, due to relatively large enhancement of the peak
at 1525 cm-1, the remaining two bipyridine ring vibrational peaks are difficult to
observe. A figure is included in the supplementary section to show the appearance
of these two bipyridine ring vibrations (at 1472 cm-1 and at 1609 cm-1) along with
the new peak (at 1525 cm-1). The concentration of the dye is 10-7 M (figure S1, see
Appendix). In figure 7b, we can see that the SERS spectrum of the dyes at (10-10
M) concentration consists several new peaks at 2308 cm-1, 2527 cm-1, 2675 cm-1
and at 3050 cm-1. While the identity of the new peaks at 2527 cm-1 and at 2675
cm-1 are still to be determined, the peak at 2155 cm-1, at 2308 cm-1 and at 3050 cm1

most likely correspond to the SCN stretch and the overtone of peaks at 1155 cm-1

and at 1525 cm-1. It should also be noted here that the new peak at 3050 cm-1 may
also correspond to surface Ti-OH or Ti-OH2 vibrations.12
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Figure 8 illustrates the SERS spectra of the dyes attached to 8.6 nm and 6.8 nm sizes
TiO2 nanoparticles. Figure 9 presents an energy diagram of the energy levels of TiO2
and N-719 dye molecules adapted from ref. 8.
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Figure 8. SERS spectra of N-719 dyes adsorbed on 8.6 nm (black) and 6.8
nm (red) TiO2 nanoparticles.
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3.4. Discussion
A shift of the SCN stretch in the SERS spectra for the dye at (10-5 M)
concentrations (figure 5b) indicates that the dye is most likely bound to the surface
using the sulfur atom of the (NCS) moiety. Similar shifts are observed in the SERS
spectra of the dyes adsorbed on TiO2 films at (10-4 M) concentration and have been
attributed to the bond formation between the SCN and the TiO2 substrates.11,12
Besides the shift of the SCN stretch, the SERS spectrum of the dye at (10-5 M)
concentration shows very little change in the location of the peaks compared to that
of the powder dye. The similarity between the SERS and the normal Raman spectra
of the dyes indicates a minimal or no change in the molecular configuration of the
dyes bound to the surface of the TiO2 nanoparticles. It has been reported that N719 dyes at high concentration like to form hydrogen bonds with the neighboring
dyes through the H- atoms attached to the carboxylic groups.9 It is possible that at
a concentration above 10-6 M (high concentration), the dyes form hydrogen bonds
with each other using the carboxylic groups thus leaving the SCN groups to attach
to the surface of the TiO2 nanoparticles.
While the attachment of the dyes on the TiO2 nanoparticles through SCN
moiety at high concentrations has been corroborated by previous investigations, the
molecular dynamics of the dyes at low concentration on the surface of the TiO2
nanoparticles are still not clear. The familiar shift of the SCN stretch in figure 7b
indicates that the dye is forming a bond on the surface of the TiO2 nanoparticles
using the SCN moiety. Nevertheless, the appearance of several new peaks in the
high wavenumber region raises the possibility that besides the SCN stretch, the
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carboxylic groups may also participate in forming bonds to the surfaces of the TiO2
nanoparticles.
In investigating the binding geometry of the N-719 dyes on TiO2 surface, it
has been shown using density functional theory (DFT) calculation that it is
energetically favorable for the dye to bind to the surface using the three carboxylic
groups.7,8 Adsorption through these three “anchoring sites” has been mentioned as
the requisite to obtain high open-circuit potentials when employed in dye-sensitized
solar cells (DSSC). In addition, further DFT calculations demonstrate that TiO2
surface protonation is energetically favorable and gives rise to an increased
dye/surface interaction.9 This coupling between the dye and the surface has been
attributed to strong hydrogen bonding between the carboxylic groups and the
surface-bound protons in a mixed bridge/monodentate form. Furthermore, it has
been suggested that this strong interaction between the dye and the surface
corresponds to a higher photocurrent at the expense of a TiO2 conduction band
energy down-shift which reduces the open circuit potential.7,8 Since the dyes in our
study have been dissolved in water, the protonation of the TiO2 nanoparticles
surface is possible due to adsorption of the protons from water.

At a low

concentration, the dye most likely prefers forming hydrogen bonds with the
protonated TiO2 surface instead of its neighbor. This strong interaction between
the dyes and the TiO2 nanoparticles may cause an increase in the charge transfer
between the dyes and the TiO2 nanoparticles. This increase in the charge transfer
may contribute to the very large enhancement of the new peaks of the dyes at 1155
cm-1 and at 1525 cm-1 in figure 7a. Although the large enhancement of the new
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peaks in our current study indicates an interaction between the carboxylic groups
of the dye and the TiO2 surface, a clear picture of the binding interaction is yet to
be attained. Suto et al. in their study of N-719 dyes adsorbed on TiO2 films over
time concluded that the bipyridine rings in the dye may not participate in forming
bonds with TiO2 due to the fact that there is no change in the Raman peaks of these
bipyridine ring vibrations relative to that of the powder dye.14 The new peak at
1525 cm-1 in the SERS spectrum of the dye (figure 7a) may also be a shift from the
peak at 1545 cm-1 in the powder dye spectrum and corresponds to a bipyridine ring
vibration. A shift of the bipyridine ring vibration at 1545 cm-1 would suggest that
the bipyridine rings oriented parallel to the surface may interact in some ways with
the TiO2 surface.
It is conceivable that the dyes disintegrate in water at low concentration
(> 10-6 M) after attaching on the surface of the TiO2 nanoparticles. The observed
new peaks in figure 7a and in figure 7b may correspond to the fragmented dyes
adsorbed on TiO2 nanoparticles. Disintegration of the dyes at low concentration
before attaching on TiO2 can be ruled out since the absorption spectra of the dyes
in figure 2 and in figure 3 show no changes in the electronic transitions over long
period of time and at low concentrations. Moreover, the possibility that the new
peaks are due to surface effects originating specifically from the 8.6 nm TiO 2
nanoparticles can be eliminated since the dyes adsorbed on both 8.6 nm and 6.8 nm
size TiO2 nanoparticles at a 10-8 M concentration exhibited the same SERS spectra
(figure 8).
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In measuring the enhancement factor of the new peak, we assume that the
1525 cm-1 peak in the SERS spectrum is a shift of the bipyridine ring vibration
peak at 1545 cm-1. We chose the intensity of this line to measure the enhancement
factor in the SERS spectrum. This line is chosen since it is one of the most intense
lines in the spectrum and well separated from its neighbors. The enhancement
factor (EF) is the ratio of the Raman intensity per adsorbed molecule divided by that
of the free (or solid phase) molecules. It may be determined by the relationship:

EF = ISurfNbulk / IbulkNsurf
where I and N are the intensities and number of molecules on the surface and in the
bulk powder. We consider the TiO2 nanoparticles as spheres with approximate
average radius of 4.3 nm. After subtracting the background intensity, the intensity
in the normal Raman spectrum of this line is about 750 counts, while from the
surface enhanced N-719 spectrum, it is about 30,174 counts. In both spectra, the
laser intensity and the focus were kept the same. The intensity ratio (Isurf/Ibulk) is
therefore approximately 40. Using the formula {4 × π × r2 × h} where the laser
radius r = 1 µm and laser penetration depth h ≈ 2 µm (for powder N-719 dyes), we
estimate the volume of the laser probing area. Volume of a single N-719 dye is
calculated by using the area occupied by a single N-719 dye which is 1.95 nm2 and
the length of the dye is about 1.7 nm.14 We calculate Nbulk of the dye molecules
using [(volume of the probing area by the laser) / (volume of a N-719 dye)] to be
about 2.0× 109 Dye molecules. Using the formula {4 × π × r2} to calculate the area
of a sphere, we estimate the area of a TiO2 nanoparticle to be about 232 nm2. By
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dividing the volume of the laser probing area with the volume of a TiO2
nanoparticle sphere (4/3 × π × r3), we find there are about 9433132 TiO2 spheres
that fit within the probing area. (Note that in the case of estimating the volume of
the laser probing area for TiO2 nanoparticles, we use the laser penetration depth h
= 1 µm.) Since 2 mg of (8.6 nm) TiO2 nanopowder is used for the experiment,
using density (4.23 g/cm3) and volume (523.60 nm3) of TiO2, we calculate that at a
2.5 × 10-3 M concentration, a single N-719 dye will likely to be attached to a single
8.6 nm TiO2 sphere. By dividing this concentration (2.5 × 10-3 M) with the total
number of TiO2 spheres within the laser probing area (9433132), we find the
concentration (2.65 × 10-10 M) at which there will be a single N-719 dye inside the
laser probing area attached to a TiO2 sphere. Since the SERS enhancement is
observed (figure 7a and 7b) at a 10-10 M dye concentration, we would expect to
have about 2 dyes in the probing area of the laser. Therefore, we would expect
Nsurf ≈ 2. This results in an enhancement factor of approximately (4 × 1010).
As to our knowledge, enhancement of this magnitude has never been
observed on semiconductors before and usually indicates a presence of “hot spots”
where a combination of resonances can contribute to the enhancement. Lombardi
et al. showed the presence of several resonances (surface plasmon, exciton, charge
transfer and molecular) which can contribute to the enhancement of Raman signals
originating from molecules adsorbed on a substrate.18,19

They proposed that

coupling of these resonances can generate a very large enhancement compared to
an enhancement which is obtained from the effect of a single resonance. Grӓtzel et
al. reported the energy gap between the highest occupied molecular orbital
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(HOMO) of a N-719 dye and the conduction band (CB) of TiO2 is 1.58 eV.8 The
energy gap of the lowest electronic transition observed in our study (figure 2) for
N-719 dyes is 2.48 eV. The energy gap for both of the charge transfer and the
electronic transitions are within the energy of the 488 nm excitation laser (2.56 eV).
Therefore, it is possible to excite both the charge transfer resonance and the
molecular resonance using the laser (488 nm). While both the charge transfer and
the molecular resonances can contribute to the enhancement, these two resonances
alone may not account for the large intensity observed for the new peak at 1525 cm1

in the study. It has been indicated by Lombardi and Birke that an enhancement

of 104 can be obtained from a single resonance.18 Therefore in examining the
enhancement factor (4 × 1010) calculated in this study, we must consider other
resonances which may be available for contribution. In our previous study, we
obtained an enhancement of (2.5 × 106) from 4-mpy adsorbed on large (110 nm –
150 nm) size hemi-ellipsoidal ZnSe nanostructures.20 We designed the size of the
ZnSe particles using Mie theory in order to support surface plasmon on their
surfaces. We indicated in our study that the large enhancement of 4-mpy on ZnSe
is a combination of charge transfer, exciton and surface plasmon resonances. TiO2
has a bulk band gap of 3.2 eV therefore the exciton resonance is out of the range of
the laser.21 Using the refractive index (2.5 + 0i)21 of TiO2 and the Mie theory, we
estimate the size of the TiO2 particles to support surface plasmon resonance to be
around 185 nm. The 8.6 nm size TiO2 nanoparticles used in our experiment are
much smaller, therefore cannot support surface plasmon on their surfaces.
Nonetheless, since TiO2 does not dissolve in water, it forms clusters when mixed
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with the N-719 dyes in water. It is possible that the size of these clusters can be
similar to the size of the TiO2 particles calculated using the Mie theory supporting
surface plasmon on their surfaces. Therefore, it is probable that when the TiO2
nanoparticles are mixed with the dyes in water, the dyes are not adsorbing to a
single 8.6 nm particle rather they are adsorbing to a much larger perhaps 180 nm
size TiO2 cluster.
In figure 10, we show an SEM image of a cluster of 8.6 nm TiO2
nanoparticles adsorbed with N-719 dyes on the surface of a glass slide before
exciting with a laser. If we assume that the dyes are bound to large TiO2 clusters
supporting surface plasmon then we can explain the observed enhancement in our
study through the coupling of several resonances: surface plasmon resonance,
charge transfer resonance and molecular resonance.
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Figure 10. SEM image of a cluster of 8.6 nm TiO2 nanoparticles.

3.5. Conclusion
In this study, we attempted to explain the large enhancement of N-719 dye
adsorbed on TiO2 nanoparticles through the coupling of several resonances. We
show that there are three resonances (surface plasmon, charge transfer, molecular)
which may contribute to the enhancement. We also indicated that it is possible for
the dye to adsorb on the TiO2 nanoparticle using carboxylic groups at low
concentrations which is energetically favorable. This binding geometry may also
explain the large enhancement observed in our study. While we raise some
possibilities in explaining the observed SERS spectra of the dye, further studies
need to be done to ascertain the correct identity of the new peaks observed on the
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SERS spectra of the dyes. In addition, we need to confirm the binding geometry of
N-719 dye on the surface of TiO2 nanoparticles using both experiments and
theoretical models.
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Chapter 4
Enhancement of Surface Phonon Modes in the Raman Spectrum
of ZnSe Nanoparticles on Adsorption of 4-Mercaptopyridine

4.1. Introduction
In surface-enhanced Raman spectroscopy (SERS) the focus is most
commonly on the enhancement of the Raman intensity of the adsorbed molecule.
Effects on the properties of the substrate are either not observed or ignored. The
first observation of such an effect was obtained by Weitz et al.1 who showed a large
enhancement of the Ag phonon acoustic mode at about 10 cm-1 on adsorption of
pyridine. Some years later, the TO and LO phonon modes in GaP nanoparticles
were shown to be enhanced by adsorption of Cu-phthalocyanine.2 We have recently
reported on the enhancement of the phonon modes of semiconductor nanoparticles
due to adsorption of a molecule.3 We showed that the phonon optical modes of
several semiconductor nanostructured substrates such as TiO2, ZnO, and PbS could
be substantially enhanced by modification of the surface with various adsorbates.
In all these cases, the observed phonon modes appeared even more intense than
those of the molecule. It was pointed out that this must be a surface effect since the
adsorbed molecules rested on the surface of the nanoparticles and could hardly
influence the bulk properties to any extent. Consequently, this effect is more likely
to show up in nanostructures which display a relatively higher ratio of surface to
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bulk atoms. We might expect the observed enhanced modes to belong to surface
phonons rather than bulk. However, this thesis is difficult to prove since the shifts
from LO bulk mode frequencies to surface frequencies are often slight (less than 510 cm-1), and normally, for large enough particles, the bulk modes tend to be more
intense than those of the nearby surface modes. Thus, at best, the surface modes
appear as shoulders on the low wavenumber side of the LO band and are difficult
to identify. On enhancement it is difficult to be sure whether the observed line is a
surface mode, a bulk mode or some combination.
In this article we utilize a sample formed from a thin layer of epitaxially
grown ZnSe on a GaAs substrate. We chemically etch the ZnSe to form hemiellipsoidal nanoparticles, which have a rather large surface to bulk ratio. On
adsoption of a layer of 4-mercaptopyridine (4-MPy) we are then able to observe
enhanced phonon modes, which are sufficiently distinct from the bulk modes to be
positively identified as surface modes. This assignment is strengthened by
comparison with the surface optical modes observed in high-resolution electron
energy loss spectroscopy (HREELS) as well as a calculation using an adiabatic
bond-charge model.
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4.2. Experiments
Sample Preparation and Characterization
A thin crystalline layer (1m) of ZnSe was grown by molecular beam
epitaxy (MBE) on a GaAs substrate. The technical details have been previously
described4 and will not be repeated here. The ZnSe surface was etched using
concentrated sulfuric acid (H2SO4) for two minutes. At the end of the etching
period, the surface was washed repeatedly for several minutes with water and then
dried at room temperature. Atomic force micrograph (AFM) images were acquired
using a Nanoscope III (Digital Instruments, Inc.), operated in the air and at room
temperature. Silicon sharpened tips with a force constant of 0.58 N/m (purchased
from Digital Instruments, Inc.) and a resonance of 260 kHz were used in noncontact
mode for the AFM images. At least five images were acquired for each sample at
various locations. Images were recorded in the range of 1 × 1 µm2 area with a 500
× 500 pixel resolution and a scan rate of 1 µm/s (see figure 1). The dimensions of
the nanostructures were measured using Nanoscope 6 image processing software.
Raman Spectroscopy
4-mercaptopyridine (4-MPy, 96%) was purchased from Acros Organics and
used without further purification. A solution of 4-MPy was prepared by dissolving
powder 4-MPy in pure acetone at 1mM concentration. 4-MPy molecules were
adsorbed on the etched ZnSe surface by immersing the clean surface in the sample
overnight and then letting the solvent evaporate in the air at room temperature. The
surface was then rinsed with acetone for a few minutes to remove excess molecules.
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The Raman spectra of 4-MPy were investigated using Spectra Pro 2750 (0.75 m
Triple Grating Monochromator 1200 gratings/Spectrograph) at the excitation
wavelength of 488 nm obtained from an Ar+ laser (Spectra Physics). The laser was
focused on the sample by using a 100x objective lens attached to a confocal
microscope and the power of the laser on stage was 0.45mW. The laser spot size
was 2 µm and the slit width was 20 µm. The Raman measurement of the sample
was taken with 5 accumulations over 10s acquisition. The silicon line at 520 nm
was used to calibrate the observed wavenumbers.

4.3. Results
An atomic force micrograph of part of the etched ZnSe surface is shown in
figure 1. The surface consists of oblate hemi-ellipsoidal nanoparticles with a mean
radius of 55 nm and a height of about 5 nm. (Note that the AFM scans tend to
exaggerate the height of a structure compared to the width.) Raman spectra taken
before adsorption and after adsorption
of 4-MPy are shown in figure 2. The
spectrum of the bare surface displays
the LO phonon mode of ZnSe at 256
cm-1, its first overtone at 502 cm-1 and
the LO mode of GaAs at 292 cm-1.5
On adsorption of 4-MPy, a drastic
Figure 1. ZnSe surface after
etching (1×1) µm2 area.
55

SO ZnSe

Raman Intensity (A.U.)

25000

248

LO ZnSe

15000

10000

LO GaAs

20000

292

492

256
202

5000

150

502

200

250

300

350

400

450

Raman Shift (cm-1)

500

550

600

Figure 2. Comparison of the Raman spectrum of an etched ZnSe
surface before (black) and after (red) the adsorption of 4meraptopyridine molecules at low wavenumbers. Excitation
is at 488 nm.
increase in intensity is displayed by the ZnSe modes, while the GaAs mode
disappears. Furthermore, the ZnSe bulk modes no longer are seen, while two new
modes appear at 248 and 492 cm-1. The enhancement of the phonon mode intensity
is consistent with previous observations discussed in the introduction. However, it
is clear that the ZnSe modes observed are purely surface modes, with little or no
mixture of the bulk modes. The shifts are 8 and 10 cm-1, which are too large to be
due to bulk phonons. The disappearance of the GaAs mode also suggests that the
exciting light no longer penetrates very far into the bulk. This is most likely due to
screening from the charge-transfer transition between molecule and substrate
identified previously.4 This charge-transfer transition most likely performs two
functions: to reduce the penetration depth of the laser by absorption of some of the
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laser intensity, suppressing the intensity of the bulk modes while simultaneously
resonantly enhancing the surface modes.
Confirmation of this interpretation of the spectral observations comes from
a high resolution electron energy loss spectrum (HREELS) obtained by Meng et
al.6 in which a ZnSe/GaAs sample was examined. Electron energy loss
spectroscopy is sensitive to the surface and therefore, ideally suited to examine
surface phonon resonances. They observe a surface phonon at 30 meV (242 cm-1)
with a ‘double loss’ peak at 60 meV (484 cm-1), quite close to our observations.
They bolster their assignment with the relation between the frequency of the surface
phonon (sp) and the bulk TO phonon7:
1/2

 1  0 
sp  TO 

 1   

Here TO is the energy of the bulk phonon TO mode (24.85 meV) and 0 = 8.1 and
∞ = 5.2 are the static and high frequency dielectric constants. The result is sp =
30.12 meV (243 cm-1).
Further confirmation of our interpretation of the experiments comes from
an adiabatic bond-charge model calculation.8 The authors, Tütüncü and Srivastava,
calculate the phonon dispersion of the surface phonons on ZnSe (110) by assuming
a slab of 11 layers of ZnSe. The relaxed surface was characterized by fully occupied
Se dangling bonds and completely empty Zn dangling bonds. The results show
several surface phonon modes, of which the highest energy is at 30.90 meV (247
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cm-1) and has the displacement pattern shown in figure 3.

This is within

experimental error of our measurement.
It is also of interest to consider the selection rules governing this process.
The surface phonon modes of a spherical nanoparticle have Raman selection
rules9,10 such that l = 0, ±2, ±4… However, addition of surface molecules requires
that we consider the local symmetry of the molecule attached to the surface.
Tütüncü and Srivastava8 showed that the local symmetry of the surface phonon
modes belong to the Cs point group (a’ and a” symmetry), and that the 247 cm-1
mode belongs to the a’ irreducible representation. The SERS selection rules11
require that phonon = (ex) x (CT), where ex is the transition moment of the
exciton, while CT is the transition moment of the charge-transfer transition. Since
the molecule is most likely aligned perpendicular (along the z-axis) to the surface
(CT) = A”. The exciton transition can have either A’ or A” symmetry, depending
on the polarization of the light with respect to the crystal axis. Assuming random
orientation of the nanoparticle structure, it is likely that many of them are oriented
such that (ex) = A”. Thus the phonon mode for which A” X A” = a’ is allowed.
Ohtaki et al. provide analysis of the structure of the atomic layer epitaxial
growth of the ZnSe(001) surface.12 By using reflection high energy electron
diffraction (RHEED), total reflection-angle x-ray spectroscopy, and x-ray
photoelectron spectroscopy, they find direct evidence that the growth of ZnSe
surfaces corresponds to the alternate formation of the Se-stabilized (2x1) and Znstabilized c(2x2) reconstructions. The Se stabilized layers show Se dimer formation
capping the surface, while the Zn stabilized surfaces feature a sawtooth (zig-zag)
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structure of alternating Zn and Se atoms. Even though the eptitaxial growth of our
samples finishes with a Se rich layer, during the acid etching process H2Se escapes
as a gas leaving the surface with Se vacancies. Thus, our surface is undoubtedly the
Zn-stabilized c(2x2) structure. This is consistent with figure 3 and the calculation
of Tütüncü and Srivastava, which shows a vibrational mode in a zig-zag chain of
alternating atoms. In the adsorption process it is most likely that the relatively
electronegative thiol (-S) end of the
molecule is weakly bound to one of
the relatively electropositive Zn
atoms in the chain through electron
donation from a non-bonding (n)
Figure 3. Calculated surface phonon
mode for ZnSe at 30.90 meV using
the adiabatic bond-charge model.
Open circles are Zn and filled circles
are Se. (See ref. 6)

orbital. This coupling of the thiol (-S)
to the electropositive Zn surface
atoms ensures the proximity of the

molecule to the surface and facilitates charge-transfer between molecule and
semiconductor, both of which have been shown to vastly improve the SERS
enhancement.10
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Chapter 5
Coupled Exciton and Charge-Transfer Resonances in the Raman
Enhancement of Phonon Modes of CdSe Quantum Dots (QDs)

5.1. Introduction
Surface enhanced Raman scattering (SERS) has been primarily defined by a
large enhancement of the Raman signal from molecules adsorbed on the surface of
a nanoparticle.1-8 Little attention has been given to the enhancement of the Raman
signal originating from the substrate itself. The first observation of such an effect
was obtained by Weitz et al. who showed a large enhancement of the Ag phonon
acoustic mode at about 10 cm-1 on adsorption of pyridine.9 Some years later, the
(TO) and (LO) phonon modes in GaP nanoparticles were shown to be enhanced by
adsorption of Cu-phthalocyanine.10 Observation of the enhancement of phonon
modes in both of these studies were proposed to be due to surface plasmon
resonances.
In small size semiconductor quantum dots (QDs) however, the plasmon
resonance tends to be in the infrared therefore much less likely to contribute to the
enhancement. When the dimension of the semiconductor becomes comparable to
the size of the exciton Bohr radius, the valence and conduction bands are narrowed
in spherical QDs, resembling those of atomic levels.11,12 Exciton-like interband
transitons between these levels are responsible for much of the spectroscopy, both
absorption and emission in these systems. The resulting levels depend on the nature
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of the confinement of the nanoparticle and therefore depend on the size and the
nature of the surrounding medium. If the surrounding medium is an adsorbed
molecule, charge transfer transitions may result between the molecule and the
semiconductor QD. Recent studies conducted in our laboratory have shown that
the phonon optical modes of several semiconductor nanostructured substrates as
diverse as TiO2, ZnO, PbS and ZnSe can be substantially enhanced by modification
of the surface with various adsorbates.13,14 Although both exciton and chargetransfer resonances have been implicated in the enhancement, however, a clear
picture about the nature of the resonance contribution has not been delineated in
these reports.
In this work, we report the role of resonances in the appearance of a
transverse optical (TO) phonon mode and a surface optical (SO) phonon mode in
different size CdSe QDs on adsorption of 4-mercaptopyridine (4-Mpy) molecules.
We assigned the (TO) mode as e1 and the (SO) mode as a Raman forbidden b1 mode
in the C6v point group. We excited an exciton transition in the semiconductor and
a charge-transfer transition between the valence band and unoccupied orbitals in
the molecule using 488 nm, 514.5 nm and 633 nm lasers. Using these lasers, we
show here the importance of charge transfer resonances in the enhancement of these
phonon modes. In addition, we show that a maximum enhancement of the phonon
modes can be obtained through a combined contribution from both a chargetransfer resonance and an exciton resonance coupled with the excitation laser. By
analyzing the different resonant conditions, we demonstrate here that the chargetransfer resonance plays a crucial role in the enhancement of the phonon modes in
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CdSe QDs. We also show the enhancement of the Raman forbidden b1 mode comes
about through borrowed intensity from a nearby exciton transition.

Using

Herzberg-Teller coupling we propose selection rules indicating the symmetry
assignments of the observed phonon modes. To our knowledge, this is the first
time enhancement of a Raman forbidden mode has been observed originating from
a substrate.

5.2. Methods
A. Chemicals
4-mercaptopyridine (96%) was purchased from Acros Organics and used
without further purification. Ethanol was purchased from Fisher Scientific. CdO
(Sigma-Aldrich, 99%), triocytylphosphine oxide (TOPO, Sigma-Aldrich, 99%),
octa-decyl-phosphonic acid (ODPA, Sigma-Aldrich, 97%), triocytylphosphine
(Alfa Aesar, 90%), and selenium (Sigma Aldrich, 98%).
B. Sample Preparation
Synthesis of CdSe nanoparticles:
CdSe NPs were synthesized based on previously reported methods with
some modifications.15,16 In a typical reaction, about 3.0 g of TOPO, 0.30 g ODPA
and 0.060 g CdO were mixed in a 50 ml three-neck round bottom flask using a
Schlenk-line approach. The mixture was then heated up to 150 °C, and kept under
vacuum for 2 h. The resulted solution was then heated up to 300 °C under nitrogen
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slowly, at approximately 7 °C/min. The reaction solution became transparent,
indicating the formation of Cd-ODPA complexes. Next, 1.5 g of TOP was rapidly
injected into the reaction flask. Then TOP-Se solution (0.058 g Se and 0.360 g
TOP by mass) was injected at different temperature between 380 °C - 360 °C to
synthesize between 2.0 nm - 5.0 nm. In order to capture the smaller sizes of 2nm
and 3 nm, the reaction was quenched immediately after the injection of TOP-Se by
rapid injection of 5 ml of room-temperature toluene. For the larger sizes 4.0 nm
and 5.0 nm, the reaction solution was kept at a high temperature between 300 to
330 seconds. The reaction mixture was then cooled down to room temperature and
precipitated by adding ethanol followed by centrifuging. This washing step was
repeated twice. Collected CdSe NPs were re-dispersed in toluene and stored under
nitrogen.
The sample for Raman measurement was prepared as follows: 0.5 ml of the
above CdSe dispersion was mixed with 0.5 ml of 4-Mpy (0.1M) ethanol solution in
an Erlenmeyer flask. The mixture was stirred overnight at room temperature to
change the capping agent of CdSe QDs from TOPO to 4-Mpy. Then the mixture
was centrifuged and rinsed with ethanol. The CdSe QDs capped with 4-Mpy were
then re-dispersed in 0.1 ml of ethanol. 100 µl of the above CdSe- 4-Mpy dispersion
was dropped onto a glass slide and spread into a circle of about 2 cm in diameter.
After the solvent evaporation, Raman measurements were taken of these samples.
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C. Instrumentation
The morphologies of CdSe nanoparticles were observed by transmission
electron microscope (TEM, JEM-2100) at an acceleration voltage of 200 kV. The
sizes and size distributions (standard deviation) of the CdSe QDs were measured
from TEM images using Gatan Digital Micrograph. All absorption spectra CdSe
were recorded using a Perkin-Elmer Lamda 19, Uv-vis- near IR spectrometer. The
Raman spectra of 4-Mpy on CdSe QDs were investigated using Spectra Pro 2750
(0.75 m Triple Grating Monochromator 1200 gratings/Spectrograph) at the
excitation wavelength of 488 nm and 514.5 obtained from an Ar+ laser (Spectra
Physics). 633 nm excitation wavelength is generated from a He/Ne laser. The laser
was focused on the sample by using a 100x objective lens attached to a confocal
microscope and the number of incident photons was calculated to be [0.0109
µmole/m2.s] for 488 nm laser, [0.0083 µmole/m2.s] for 514.5 nm laser and [0.0146
µmole/m2.s] for 633 nm laser. The laser spot size was 2 µm and the slit width was
20 µm. The Raman measurement of the sample was taken with five accumulations
over three second acquisitions.

To ensure that the obtained spectra were

comparable, the settings, including laser power and exposure time, were all kept
constant.

The silicon line at 520 nm was used to calibrate the observed

wavenumbers.
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5.3. Results—Absorption Spectra
Figure 1 shows TEM images of the sample of CdSe QDs (5 nm). The CdSe
nanoparticles have an average diameter of 5.0 ± 0.5 nm. A minimum of 120 QDs
were counted on each image to obtain the average diameter of the CdSe QDs. The
measured in-plane lattice constant a0 = 4.30 Ao indicates a hexagonal Wurtzite
structure for the CdSe QDs.17,18 The TEM images of other three sized (2 nm, 3 nm
and 4 nm) CdSe nanoparticles can be seen in the Supplementary Material (fig. S1,
see appendix).

Figure 1. TEM image of CdSe QDs. Average size 5 nm.
Figure 2 displays the absorption spectrum of CdSe QDs (5 nm) with and without
adsorbed 4-Mpy molecules. CdSe QDs without 4-Mpy shows exciton transitions
of CdSe QDs at 580 nm, 550 nm and 485 nm. The exciton transitions at 580 nm
and 550 nm correspond to (1sh(A) – 1se) and (1sh(B) – 1se) transitions, while the
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Figure 2. Absorption spectrum of CdSe (5 nm) QDs with (red) and without
(black) 4-Mpy. Exciton transition at 485 nm corresponds to a (1ph – 1pe)
transition while the exciton transitions at 550 nm and 580 nm correspond to
(1sh(B) – 1se) and (1sh(A) – 1se) transitions, respectively.
exciton transition at 485 nm has been attributed to a (1ph – 1pe) transition.19,20
Analogous exciton transitions blue-shifted due to increasing quantum confinement
are also observed in the absorption spectra of three other CdSe QDs (4 nm, 3 nm
and 2 nm). Absorption spectrum of CdSe QDs with 4-Mpy molecules shows
noticeable increases in intensity relative to the bare CdSe QDs. Similar results were
also observed in the absorption spectra of 2 nm and 4 nm size CdSe QDs on addition
of 4-Mpy molecules. Absorption spectrum of 3 nm size QDs with 4-Mpy also
shows the appearance of a new peak at 580 nm. Absorption spectra of these three
other CdSe QDs with and without 4-Mpy have been included in the Supplementary
Material (fig. S2, see appendix). We attribute these increases in intensity to the
induction of charge-transfer transitions between the molecule and semiconductor
substrate.
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Figure 3. Charge-Transfer transitions for all four different size CdSe QDs.
Note that the charge transfer transitions were obtained by subtracting the
absorption spectrum of CdSe QDs without 4-Mpy from CdSe QDs with
4-Mpy. The three laser lines are indicated in the figure using arrows.
Charge-transfer transitions were identified after subtracting the absorption
spectrum of bare CdSe QDs from that of CdSe QDs with adsorbed 4-Mpy. Figure
3 illustrates observed charge-transfer (CT) transitions for all the four different size
CdSe QDs, where several distinct transitions appear in each trace. For 5 nm size
QDs, there are two observed CT transitions at 518 nm and 602 nm while at 4 nm
these appear shifted to 508 nm and 600 nm. Three such transitions can be observed
for 3 nm size QDs at 580 nm, 509 nm and 480 nm, while for 2 nm size QDs, there
is only a single transition observed at 494 nm. In this figure, for later reference, we
include the position of the excitation lasers using arrows in order to show the
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proximity of the laser line to the charge-transfer transitions for all four different
size QDs.
These transitions can be assigned to charge-transfer transitions from the QD
valence band levels to unfilled * orbitals of 4-MPy.21-23 These are illustrated in
figure 4 and tabulated in table 1. We compare the bulk valence band edge (-6.62
eV, band gap 1.74 eV) with the size dependence of the valence band levels.24,25 It
has been shown by Lippens and Lannoo that although the effective mass
approximation does not adequately describe the size dependence of the conduction
band, it quite accurately describes the valence band levels.26 The effective mass
approximation may be expressed as:

Ev (d) = −6.62 −

0.376
∗ 𝑑2
𝑚ℎ

(1)

Where Ev (d) is the energy of a valence band level of the quantum dot of diameter
d, and 𝑚ℎ∗ is the effective mass of the hole. For zinc blend structures, the valence
band is split into several hole levels due to spin-orbit coupling with each hole level
having a slightly different effective mass.27 For CdSe the valence band splits into
three distinct hole levels 1sh(A), 1sh(B) and 1ph and we may take the effective mass
(𝑚ℎ∗ ) of each of these levels to be 0.324, 0.252 and 0.157, respectively. Several of
the charge-transfer transitions are shown by vertical arrows in figure 4. It can be
seen that the charge-transfer transitions as observed in figure 3 closely match the
energy gap between the energy levels in the VB of CdSe QDs and the unfilled π*
energy levels of 4-Mpy. The results of these calculations are tabulated in table 1,
along with the observed transitions.
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Figure 4. Energy level diagrams of CdSe QDs for all different size CdSe QDs
and 4-Mpy molecules. All levels are measured from the vacuum. Label C, B
and A correspond to 1ph, 1sh(B) and 1sh(A) energy levels respectively in the
valence band (VB) of CdSe. Energy levels of 4-Mpy molecules are obtained
from the absorption spectra in reference 12, 13 and 14. Arrows indicate
observed charge-transfer transitions (see table 1).
It can be seen in table 1 that while not all of the predicted charge-transfer transitions
are observed, we are able to reliably assign all of the observed transitions. An
analysis of figure 4 and table 1 shows a close match between the calculated and the
observed charge-transfer transitions corroborating the existence of possible chargetransfer resonances between CdSe QDs and 4-mpy molecules through the coupling
of the excitation laser.
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ChargeTransfer
Transitions
1ph
π*(1)

5 nm
(eV)

4 nm
(eV)

3 nm
(eV)

2 nm
(eV)

2.40
(2.44)
2.34

2.52 (2.58)

2.85

2.42
(2.44)
2.38
(2.27)
2.03
(2.14)
1.93
1.89

2.62

1sh(B)

π*(1)

2.35
(2.39)
2.31

1sh(A)

π*(1)

2.30

2.33

1ph

π*(2)

1sh(B)
1sh(A)

π*(2)
π*(2)

1.86
(2.06)
1.82
1.81

1.91
(2.07)
1.85
1.84

2.54
(2.51)
2.36
2.13
2.05

Table 5.1. Calculated charge-transfer transitions for all four different size
CdSe QDs (equation 1). The values within the bracket represent the
observed values for the charge-transfer transitions (see figure 3).
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Figure 5. Exciton transitions (black) and charge-transfer transitions (red) for 5
nm size CdSe QDs. The laser lines (488 nm, 514.5 nm and 633 nm) are also
indicated in the figure.

71

Figure 5 displays a comparison of the exciton and charge-transfer
transitions for 5 nm CdSe QDs. Note, the three laser lines are indicated using
arrows in the figure. The figure shows that while the 633 nm laser is on the edge
of a charge-transfer transition at 602 nm, the 514.5 nm is very close to the chargetransfer transition at 518 nm, while the 488 nm laser is close to the exciton transition
at 485 nm.

5.4. Results—Raman spectra
Figure 6a shows the Raman spectra of the phonon mode region of 5 nm size
CdSe QDs adsorbed with 4-Mpy molecules compared with bare CdSe QDs. The
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Figure 6a. Comparison of the Raman spectra of CdSe QDs (5 nm) before (black) and
after (red) the adsorption of 4-Mpy molecules at low wavenumbers. Excitation is at 488
nm.
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excitation wavelength is 488 nm. The crystal symmetry of CdSe is C 6v, for which
only a1, e1 and e2 symmetry phonon modes are Raman allowed. The spectrum of
bare CdSe surface displays an intense longitudinal optical (LO) mode of a1
symmetry at 207 cm-1 and its first overtone (2 LO) at 414 cm-1.17,28 On adsorption
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Figure 6b. Comparison of the Raman spectra of CdSe QDs (2 nm) before (black)
and after (red) the adsorption of 4-Mpy molecules at low wavenumbers. Excitation
is at 488 nm.
of 4-Mpy, a remarkably different Raman spectrum is observed where the intense a1
mode at 207 cm-1 diminishes considerably in intensity while a new phonon mode
with considerably more intensity appears at 148 cm-1 with a possible overtone at
396 cm-1. Enhancement of the (TO) mode is also observed in 4 nm and 3 nm size
QDs.

The results are included in the Supplementary Material (fig. S3, see

appendix). Enhancement of a different phonon mode can be observed in 2 nm size
CdSe QDs at 201 cm-1 upon the adsorption of 4-Mpy molecules (figure 6b). While
the enhanced mode at 148 cm-1 has been identified as a transverse optical (TO)
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mode of e1 symmetry, the enhanced mode at 201 cm-1 has been identified as a
surface optical (SO) mode of b1 symmetry in C6v point group.27,29,30,31
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Figure 7. Raman spectra of 5 nm size CdSe QDs with 4-Mpy molecules
excited at 488 nm, 514.5 nm and 633 nm laser wavelengths. Note, the number
of incident photon is adjusted in the figure so that each Raman trace has the
same number of incident photons.
Using 488 nm, 514.5 nm and 633 nm excitation lasers, we studied the effect
of different excitation energies on the enhancement of the (TO) mode in 5 nm size
CdSe QDs (figure 7). The figure shows that the new (TO) phonon mode is the most
enhanced when excited with a 514.5 nm laser. The relative intensity of the phonon
mode drops when exciting with a 488 nm laser while exciting with a 633 nm laser
results in the least enhancement of this new phonon mode. To find out the change
in the enhancement of the phonon mode, we need to examine the resonant
conditions initiated by the excitation laser. As observed in figure 3, there are two
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charge transfer transitions at 518 nm and at 602 nm for 5 nm size CdSe QDs. While
both the 514.5 nm and the 488 nm laser lines are close to the charge transfer
transition at 518 nm, the 633 nm laser is close to the charge-transfer transition at
602 nm. Among these three lasers, the 514.5 nm is almost in resonance with the
charge-transfer transition at 518 nm. Hence, the largest enhancement of the (TO)
mode with the 514.5 nm laser can be attributed to the resonance condition between
the 514.5 nm excitation laser and the charge-transfer transition at 518 nm. Figure
3 also shows that while the 514.5 nm laser is close to the CT transition at 518 nm,
the distance (in energy) of the 488 nm laser from the CT transition at 518 nm and
the 633 nm lasers from the CT transition at 602 nm are about the same. The Raman
spectra in figure 7 however show a relatively large enhancement of the (TO) mode
with 488 nm laser compared to that of the 633 nm laser. The only difference
between the 488 nm laser and the 633 nm laser is that while the 633 nm laser is
close to a CT resonance at 602 nm, the 488 nm laser is close to both a CT resonance
at 518 nm and an exciton resonance at 485 nm as observed in figure 5. Analysis of
these results indicates that beside a charge-transfer resonance, an exciton resonance
is possibly contributing to the overall enhancement. Therefore, the relatively large
enhancement of the (TO) mode at 148 cm-1 using the 488 nm and the 514.5 nm
lasers are most likely due to the coupling of a charge-transfer resonance and an
exciton resonance both of which are contributing to the enhancement.

The

significant decrease in the enhancement of the (TO) mode at 148 cm-1 using the 633
nm laser must be due to the fact that there is only one resonance (CT resonance)
which is affecting the enhancement.
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Figure8. Raman spectra of 2 nm size CdSe QDs with 4-Mpy molecules
excited at 488 nm, 514.5 nm and 633 nm laser wavelengths.
Similar results can also be observed for 4 nm and 3 nm CdSe QDs where a
relatively large enhancement of the (TO) phonon mode occurs using the 488 nm
and the 514.5 nm laser while exciting with the 633 nm laser produces a significantly
weaker enhancement of this phonon mode.

The results are included in the

supplementary material (fig. S4, see appendix). For 2 nm size CdSe QDs, the
enhancement of a (SO) mode at 201 cm-1 can be observed using both the 488 nm
and the 514.5 nm lasers. Enhancement of this phonon mode is absent using the 633
nm laser (figure 8). Note that the observed phonon mode at 205 cm-1 is most likely
a (LO) mode as observed in the Raman spectrum of bare CdSe QDs. It can be seen
in figure 3 that both the 488 nm and the 514.5 nm laser lines are in close proximity
to the charge-transfer transition at 494 nm whereas the 633 nm laser line is
relatively further from this transition. Therefore, we do not expect to see an
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enhancement of a new phonon mode using the 633 nm laser. In addition, figure 8
also shows that the relative enhancement of the (SO) mode using the 488 nm is
slightly larger than that of the 514.5 nm laser. A larger enhancement of the (SO)
mode using the 488 nm laser can be attributed to the closer proximity of the 488
nm laser to the CT transition at 494 nm compared to the 514.5 nm laser. A
relatively large enhancement of the (SO) mode using the 488 nm laser indicates the
effect of resonance condition on the enhancement of phonon mode.
While both the 488 nm and the 514.5 nm lasers are close to the exciton and
the charge-transfer transitions as seen in figure 5, the enhancement of the (TO)
phonon mode is the maximum with the 514.5 nm laser as observed in figure 7.
Figure 5 shows that the 514.5 laser line is closer to the charge-transfer transition at
518 nm while the 488 nm laser line is closer to the exciton transition at 485 nm. It
is possible that among the exciton and the charge-transfer resonances, it is the
charge-transfer resonance which plays the dominant role thus explaining the largest
enhancement observed using the 514.5 nm laser.
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Figure 9 shows the relative enhancement of the (TO) mode in 5 nm to 3 nm
size CdSe QDs using the 514.5 nm laser. It can be seen that while 5 nm size QDs
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Figure 9. Enhancement of the TO mode in different size CdSe QDs.
Excitation wavelength 514.5 nm.
generates the maximum enhancement of the (TO) mode, the relative enhancement
of the (TO) mode in 3 nm and 4 nm size QDs are about the same. A closer look at
figure 3 shows that the 514.5 nm laser has the same distance from the CT transitions
at 509 nm and at 508 nm for 3 nm and 4 nm size QDs, respectively. The 514.5 nm
laser is however almost in resonance with the CT transition at 518 nm for 5 nm size
QDs. Thus, the maximum enhancement of the (TO) mode in 5 nm size QDs is most
likely due to the resonance condition which is absent in the other two different size
QDs.
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5.5. Analysis of the Observations
In order to explain the previous observations, we turn to a recent article on
the theory of SERS in semiconductors in which an expression is derived for the
enhancement of the Raman intensity of phonon modes of a semiconductor on
adsorption of a molecule.32 It is shown that the phonon modes of a semiconductor
can be strongly enhanced by the adsorption of a molecule on the surface of the
nanoparticle. The enhancement mechanism involves coupling of the exciton
transition with that of the charge-transfer transition via Herzberg-Teller coupling
(fig. 6 in ref. 32). When the laser excitation is in the vicinity of one or both of the
two resonances, enhancement of specific phonon modes can be observed. These are
governed by the selection rule:
(Qk) = (CT)x(ex)

(2)

Here (Qk) is the irrecucible representation to which an enhanced phonon mode
(Qk) belongs. The CT is the transition moment for the charge-transfer transition,
and ex is the transition moment for the exciton transition. The charge-transfer
resonance is said to “borrow” intensity from the exciton resonance through vibronic
coupling.
The exciton transitions in CdSe quantum dots (see figure 2) involve 1sh-1se
and 1ph – 1pe promotions. In order to apply the selection rules we must use the
same point group as the observed phonons, and whenever two different point
groups are involved, we must resolve the higher symmetry into the lower one.
Hexagonal CdSe QDs have a Wurtzite structure which belongs to the C6v point
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group. In C6v symmetry, the (spherically symmetric) 1s levels are resolved to A1
symmetry while 1p levels are resolved to A1 + E1. Thus the 1sh-1se excitons are A1
symmetry while the 1ph – 1pe excitons are E1 X E1 = A1+ A2+ E1 + E2 symmetry.
For charge-transfer transitions, we consider that the molecule is oriented
perpendicular to the surface and that there is a uniform distribution of adsorbed
molecules around the surface of the nanoparticle. Molecules oriented along the
crystal Z-axis will show charge-transfer symmetry of A1 character, while those
oriented perpendicular to the Z-axis will display E1 character.

Considering

molecules which are oriented perpendicular to the Z-axis, we determine the phonon
selection rule by choosing (ex) = E2 and (CT) = E1, we have (ex) x (CT)
= E2 x E1 = b1 + b2 + e1. The proposed selection rules confirm the observed
enhancement of both the e1 and the b1 modes originating from CdSe QDs due to
the charge-transfer transitions. Modes of b2 symmetry are not observed in the
Raman spectrum since no phonon modes of b2 symmetry exist for CdSe.29,30
Note that modes of b1 symmetry as observed in 2 nm QDs are normally
forbidden in Raman spectroscopy; however the analysis in the previous paragraph
shows they can be made allowed by Herzberg-Teller coupling for molecules
oriented perpendicular to the crystal Z-axis.33 These are akin to the observations of
forbidden character in both optical and Raman spectra by Albrecht.34
The remaining issue is why the difference between the spectra of the 2 nm
QDs, in which only the b1 (SO) mode appears and the larger ones in which only the
e1 (TO) mode appears. The appearance of a surface mode in the smallest
nanoparticles is expected due to the predominance of surface and near surface
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atoms in such a small particle. As the particle size decreases, the ratio of surface to
bulk atoms increases drastically, and we might expect to observe sharp increases in
the modes associated with surface atoms relative to the bulk modes. Using the
lattice constant (4.3 A0) as the depth of the surface layer (two atoms) and the density
of CdSe (5.82 g/cm3), we estimate the number of atoms on the surface of a 2 nm
QD to be approximately 72. Our calculation shows that more than 80% of the
atoms are on the surface of a 2 nm size QD explaining the observed predominance
of the surface (SO) mode in 2 nm size QDs.

5.6. Conclusion
We have reported on the enhancement of a (TO) and a (SO) phonon mode
in CdSe QDs on adsorption of a molecule (4-Mpy). Using different excitation laser
sources, we demonstrated that a maximum enhancement is obtained when more
than one resonance is contributing to the enhancement under resonant conditions
with the laser line. We also show that in CdSe QDs, it is the charge-transfer
resonance which plays a crucial role in the enhancement of the phonon mode. It is
coupled to the exciton resonance by vibronic coupling. In addition, we proposed
selection rules in explaining the enhancement of the phonon mode which fit the
observed phonon symmetry.
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Chapter 6
Conclusion
My dissertation projects show two important advancements in the field of
SERS: one, the existence of surface plasmon in ZnSe and two, TiO2 semiconductors
and the enhancement of the phonon modes obtained both in ZnSe and CdSe
semiconductors.

Using experimental data and critical analysis, we provide

evidence of the presence of surface plasmon resonance in ZnSe and in TiO2
nanostructures. In addition to surface plasmon resonance, we suggested three
additional resonances in a semiconductor – molecule system: exciton, chargetransfer and molecular. We showed that these resonances can be coupled through
the Herzberg and Teller coupling constant. We also demonstrated the observed
large enhancement in ZnSe and TiO2 nanostructures through a combined effect of
more than one resonance. By illustrating the coupling of the resonances in the
SERS enhancement, we indicate that the observed electromagnetic (EM)
enhancement in silver metals may not be only due to surface plasmon resonace but
also due to additional resonances such as charge-transfer and molecular.
In addition to surface plasmon resonance in semiconductors, my research
also demonstrates the enhancement of the phonon modes in ZnSe and CdSe
semiconductors upon the adsorption 4-MPY molecules. Through the enhancement
of the phonon modes, we show that when a probing molecule is attached to a
semiconductor substrate, enhancement can be obtained from the substrate under an
appropriate condition. While we could not exactly delineate the causes of the
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enhancements in ZnSe and CdSe systems, we suggested that exciton resonances in
ZnSe and CdSe nanoparticles and charge-transfer resonances between the
substrates and the 4-Mpy molecules are two important factors contributing to the
enhancement mechanism.

Furthermore, we demonstrate the significance of

intensity borrowing due to Herzberg and Teller coupling in the enhancement of a
“forbidden” phonon mode in CdSe QDs.

We assigned the symmetry of these

phonon modes and proposed selection rules to show that these phonon modes are
Raman allowed.

6.2. Future Studies
Although we are successful in demonstrating the presence of surface
plasmon in ZnSe and TiO2 semiconductors, further studies need to be done in
designing semiconductor nanoparticles to support surface plasmon on their surface.
Particular attention can be focused on small direct band gap semiconductors, such
as CdSe, GaP, InP, GaAs, CdTe, InAs, in order to achieve surface plasmon in
addition to exciton resonances. According to the Mie theory, semiconductor
nanoparticles supporting surface plasmon on their surface are usually larger than
100 nm. Small size semiconductor nanoparticles whose size are within the exciton
Bohr radius, consist of the exciton resonance due to the band gaps. By carefully
selecting a probing molecule for charge-transfer transitions, SERS studies can be
done on both of these two different size nanoparticles in order to isolate the effect
of surface plasmon resonance in the SERS enhancement. If our hypothesis is
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correct, semiconductors supporting surface plasmon will show a greater magnitude
of SERS enhancement due to the combined effect of several resonances.
Further studies of the enhancement of the phonon modes can also be done
in small direct band gap semiconductors as mentioned above. Charge-transfer
transitions between the substrate and the molecule can be obtained by carefully
selecting a probing molecule. By exciting either the charge-transfer resonance or
the exciton resonances, one can evaluate the effect of each of the resonances
separately in the enhancement of the phonon modes. In addition, both of these
resonances can be excited simultaneously in order to investigate the combined role
of both these resonances compared to that of the single one in enhancing the phonon
modes. It is not clear in our research about the conditions that cause either a surface
mode or a bulk mode to be enhanced. By varying the surface to volume ratio of the
atoms in a semiconductor nanoparticle, studies can be done to examine the
condition that either promotes a surface mode or a bulk mode.
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Appendix
Chapter 3
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Figure S1. Comparison of the Raman spectrum of N-719 powder (black) with that
of N-719 dyes adsorbed at (10-10 M) concentration on TiO2 (8.6 nm) nanoparticles
(red) at low wavenumbers. Besides the new peak at 1525 cm-1, the two other
bipyridine ring vibrations (1472 cm-1 and 1609 cm-1) are also visible in the Raman
spectrum of the dyes adsorbed on TiO2 nanoparticles. Excitation is at 488 nm.
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Chapter 5
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Figure S1. TEM image of CdSe QDs. Average size a) 4 nm, b) 3 nm and c) 2 nm.
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a) Exciton transition at 480 nm corresponds to a (1ph – 1pe) transition whereas the
exciton transitions at 545 nm and at 575 nm correspond to (1sh(B) – 1se) and (1sh(A)-1se)
transitions.
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b) Exciton transition at 440 nm corresponds to a (1ph – 1pe) transition whereas
the exciton transitions at 498 nm and at 536 nm correspond to (1sh(B) – 1se) and
(1sh(A)-1se) transitions.

1.0

CdSe 2 nm

Absorption

0.8

0.6

0.4
482
375

0.2

472
425

0.0
350

400

450

500

550

600

650

Wavelength (nm)

c) Exciton transition at 375 nm corresponds to a (1ph – 1pe) transition whereas the
exciton transitions at 425 nm and at 472 nm correspond to (1sh(B) – 1se) and
(1sh(A) – 1se) transitions.
Figure S2. Absorption spectra of CdSe QDs a) 4 nm, b) 3 nm and c) 2 nm with
(red) and without (black) 4-Mpy molecules.
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Figure S3. Comparison of the Raman spectra of CdSe QDs a) 4 nm and b) 3 nm before
(black) and after (red) the adsorption of 4-Mpy molecules at low wavenumbers.
Excitation is at 488 nm.
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Figure S4. Raman spectra of 4 nm (top) and 3 nm (bottom) size CdSe QDs with
4-Mpy molecules excited at 488 nm, 514.5 nm and 633 nm laser wavelengths.
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